Molecular encapsulation of anionic porphyrins in NH2-terminated polyamidoamine (PAMAM) dendrimers and the interfacial behavior of the dendrimer-porphyrin associates were studied at the polarized water|1,2-dichloroethane (DCE) interface. The formation of the ion associates was significantly dependent on the pH condition and on the generation of dendrimers. 5,10,15,20-Tetrakis(4-sulfonatophenyl)porphyrin (ZnTPPS 4-) associated with the positively charged fourth generation (G4) PAMAM dendrimer was highly stabilized in the acidic aqueous solution without protolytic demetalation in a wide range of pH (pH > 2). In contrast to the zinc(II) complex, the free base porphyrin (H2TPPS 4-) was readily protonated under acidic conditions even in the presence of the dendrimers. In addition, the J-aggregates of diprotonated species, (H4TPPS 2-)n, were preferably formed on the dendrimer. The interfacial mechanism of the dendrimer-porphyrin associates was analyzed in detail by potential modulated fluorescence (PMF) spectroscopy. PMF results indicated that the dendrimers incorporating porphyrin molecules were transferred across the positively polarized water|DCE interface via adsorption step, whereas the transfer responses of the porphyrin ions released from the dendrimers were observed at negatively polarized conditions. A negative shift of the transfer potential of porphyrin ions compared to the intrinsic transfer potential was apparently observed for each ion association system. The ion association stability between the dendrimer and the porphyrin molecules could be estimated from a negative shift of the transfer potential. ZnTPPS 4-exhibited relatively strong interaction with the higher generation dendrimer, whereas H2TPPS 4-was less effectively associated with the dendrimers.
Introduction
An interface between two immiscible electrolyte solutions (ITIES) is two-dimensional specific reaction fields, where charge transfer processes and heterogeneous reaction could be controlled as a function of the Galvani potential difference between two liquid phases. 1 The interfacial reaction system has been studied extensively for analytical sciences, synthesis of thin-layer materials, and biochemical applications. [2] [3] [4] The ion-partitioning property of species under electrochemical control is particularly useful to evaluate pharmacokinetic distribution of drugs.
Ion transfer voltammetry and related electrochemical techniques allow us to access fundamental information on the charge transfer reaction. The surface sensitive spectroelectrochemical techniques such as potential modulation spectroscopy can provide deeper insights of the interfacial mechanism. 5, 6 Dendrimers are unique and nontraditional polymers with a well-defined macromolecular architecture consisting of a core, iterative branch units, and terminal groups. 7, 8 The reactivity of the dendrimer can chemically be modified by choosing a variety of functional groups in the periphery moiety. Various organic molecules and metal ions have been reported to be accommodated into the internal cavity and captured on the peripheral region of the dendrimer by hydrophobic and electrostatic interactions. 9, 10 The dendrimers have been examined as molecular capsule and light-emitting devices by hybridizing with dye molecules or metal nanoparticles. [11] [12] [13] In particular, the potential application for drug delivery systems (DDS) has been attracted much attention. 14, 15 The most widely studied polyamidoamine (PAMAM) dendrimer is constructed based on an ethylenediamine core and amino (full generation) or carboxyl (half generation)
terminal groups. The net charge and conformation of the PAMAM dendrimer are significantly affected by the pH condition owing to the protonation equilibrium of terminal groups and tertiary amines in the interior. In addition, the molecular configuration of the PAMAM dendrimer tends to be a spherical shape from a flat-elliptical according to the increase of the generation. The molecular encapsulation features of a guest molecule thus could be affected by the generation of the dendrimer. The ion association and transfer mechanisms of the dendrimer at polarized liquid|liquid interfaces are very important to estimate a capability of the dendrimer in DDS and separation sciences. Recently, the ion transfer mechanism of the PAMAM dendrimer incorporating a fluorescence probe was studied in detail at the polarized water|1,2-dichloroethane (DCE) interface. The spectroelectrochemical analysis demonstrated that the amino-terminated fourth generation (G4) PAMAM dendrimer was transferred across the interface accompanied by the adsorption process. 16 The molecular encapsulation of 8-anilino-1-naphthalenesulfonate (ANS -) and its bimolecular derivative (bis-ANS 2- ) in the carboxylate-terminated G3.5 PAMAM dendrimer was also investigated at the water|DCE interface as a function of pH and the Galvani potential difference. 17 A stable encapsulation of bis-ANS 2-compared with the monomeric ANS -was explained by the electrostatic two-point interaction of anionic sulfonate groups with protonated tertiary amines in the interior. In addition, the electrostatic interaction between the G3.5 PAMAM dendrimer and bis-ANS 2-could be estimated quantitatively from a negative shift of the transfer potential of bis-ANS with respect to the intrinsic formal transfer potential.
Porphyrins have been extensively studied as biomimetic reactants, dye sensitizers, catalysts, spectrophotometric reagents and so on. 18 The physicochemical property and reactivity of porphyrin compounds strongly depend on peripheral substituted groups as well as metal center.
The porphyrins and metalloporphyrins, however, are readily protonated (via demetalation for metalloporphyrins) in acidic solutions inducing considerable spectral changes. 19 On the other hand, the molecular size and net charge of the free base porphyrin are identical to its divalent metal complex. The porphyrin molecules are therefore suitable for a contrastive evaluation of the contribution of the metal center in molecular encapsulation systems.
In this study, the molecular encapsulation behavior of the free base and zinc(II) complex of water-soluble porphyrin, 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (TPPS) in the aminoterminated G4 and G2 PAMAM dendrimers was studied at the polarized water|DCE interface by potential modulated fluorescence (PMF) spectroscopy. ZnTPPS 4-and H2TPPS 4-were effectively associated with the positively charged PAMAM dendrimer depending on pH and the Galvani potential difference. The stabilization of porphyrin molecules in the PAMAM dendrimer could be estimated from the apparent transfer potential of the porphyrins.
Experimental Section
2.1. Reagents. The G4 and G2 PAMAM dendrimers with ethylenediamine core were purchased from Aldrich (10 and 20 wt% in methanol) and prepared as an aqueous solution after removing methanol by drying in ultrapure argon (> 99.999%). The anionic porphyrins, 5,10,15,20-tetrakkis(4-sulfonatophenyl)porphyrin (H2TPPS 4-) disulfuric acid tetrahydrate (Dojindo Laboratories) and the tetrasodium salt of its zinc(II) complex (Na4ZnTPPS) (Frontier Scientific/Porphyrin Products), were used as received. The composition of the electrochemical cell was represented in Figure 1 . The concentration of the dendrimers and the porphyrins was 
Apparatus.
The spectroelectrochemical cell used in all measurements was analogous to the one previously reported. 5 The water|DCE interface with a geometrical area of 0.50 cm 2 was polarized by a four-electrode potentiostat (Hokuto Denko HA1010 mM1A). Platinum wires were used as counter electrodes in both aqueous and organic phases. The Luggin capillaries were provided for the reference electrodes (Ag/AgCl) in both phases. The Galvani potential difference 
Ion Transfer Behavior of Dendrimer-Porphyrin Associates at the Water|DCE
Interface. Figure 4 (a) shows cyclic voltammograms (CVs) in the presence of the G4 PAMAM dendrimer and ZnTPPS 4-. The CVs were significantly dependent on the pH conditions. The net charges on the dendrimer-porphyrin associate should be reduced from the bare dendrimer because of the negative charges of the porphyrins. The voltammetric responses of the ion associates were, nevertheless, similar to those measured for the bare dendrimers (SI: Figure S6 ).
For instance, the charge number of the G4 PAMAM dendrimer can be calculated as +126 at pH 2.1 due to full protonation of both 62 tertiary and 64 primary amines. The positive peak current under all pH conditions was almost proportional to the square root of the potential sweep rate, while the positive peak at pHs 2.1 and 10.7, buried on the gradual increase of the voltammetric responses, could not be analyzed. As reported previously, the positive peak observed around 0.40 V assigned as ion transfer of the G4 PAMAM dendrimer from the aqueous to the organic phases, and negative peak around 0.30 V as the back transfer from the organic to the aqueous phases. 16, 32 In addition, a gradual increase of current response at the positive edge of the potential window Figure S8 ). The absence of apparent transfer responses in the corresponding potential region would demonstrate that the porphyrin molecules are stably associated with the dendrimers even at the polarized water|DCE interface.
Spectroelectrochemical Analysis of Interfacial Mechanism of Dendrimer-Porphyrin
Associates. PMF spectroscopy was employed in order to elucidate the interfacial mechanism of the dendrimer-porphyrin associates. In this technique, the interfacial process of fluorescent ions can be selectively studied as a function of ac potential modulation superimposed on the dc bias Figure 4(a) ).
The PMF signal associated with a quasi-reversible ion transfer (ΔFt) is correlated with the faradaic ac current (if,ac). In the case of the TIR excitation condition, ΔFt is described as 22, 33, 34 The PMF signal associated with the adsorption (ΔFa) from the aqueous phase to the interface is expressed as a function of the ac surface coverage (θac)
where Γs is the saturated interfacial concentration. ac ) where the ZT is the total impedance. As shown in Figure 5(c) , the frequency responses of PMF were reproduced by the theoretical model based on eqs 3-5 (the dotted line). However, the kinetic parameters could not be determined with the acceptable error because of unknown conditional factors associated with an optical setup and "exact" charges on the dendrimerporphyrin associate. In order to elucidate further details of the encapsulation behavior of anionic porphyrins in the dendrimers at the interface, the PMF analysis was performed in the negative potential region Figure S8 ). The buried charge transfer process in the negative edge region of the potential window was clarified by the PMF analysis. Figure 7 shows PAMAM dendrimer-copper(II) ion complexes in the aqueous solution. 36 The X-ray absorption fine structure (XAFS) and NMR results indicated that the primary amine, amide and tertiary amine nitrogen atoms of the dendrimer were involved in bonding with the copper(II) ion to form five-and six-membered rings. The considerable stability enhancement for ZnTPPS 4-observed in the present study could be due to the axial coordination to the zinc(II) center of the porphyrin by amidoamine branch or tertiary amine of the dendrimer. 
Another finding in

Conclusions
The ion association behavior and interfacial mechanism of the PAMAM dendrimer-anionic porphyrin associates were investigated in situ at the polarized water|DCE interface by PMF spectroscopy. The spectroelectrochemical analysis indicated that both ZnTPPS 4-and H2TPPS 4- favorably form the stable ion associates with the dendrimer in the aqueous solution. In particular, the G4 PAMAM dendrimer effectively inhibited the demetalation of the zinc(II) porphyrin under acidic conditions. The ion association stability was estimated from 
